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© Signal processor with Independently arithmetic and logic unit and multiplier accumulator unit 
simultaneously operable. 



© The architecture of the signal processor oper- 
ates the ALU (10) and MACU (11) through a register 
file (9) that serves as a general buffer pool for 
operands. All operand transfers take place between 
data memory through this register file (9) and ALU 
(10) and MACU (11) have equal access to all data in 
the file (9). Further the file (9) is the buffer for 
previous ALU results. In this manner, the bandwidths 
of all the individual units, data buses (19, 20), ALU 

(10) and MACU (11) can be fully utilized without 
conflicts. In general, the proposed configuration re- 
lies on the redundance or latency in many signal 
processing computations where data and results are 
used and reused in the overall computation and 
must remain in holding registers. The register file 
gives this capability providing these operands for 
use independently by both the ALU (10) and MACU 

(11) . Without a common register file, operands would 
have to be reloaded as the computation continues. 
These redundant loads reduce the throughput for the 
computation. 
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SIGNAL PROCESSOR WITH INDEPENDENTLY ARITMMETIC AND LOGIC UNIT ANO MULTIPLIER ACCU- 
MULATOR UNIT SIMULTANEOUSLY OPERABLE 



The invention relates to data processing sys- 
tems in general and particularly to a signal proces- 
sor adapted for performing rapid, repetitive calcula- 
tions for Fourier transformations, digital filters, com- 
pression coding, correlation, equalization modem 
functions, speech recognition synthesis or com- 
pression and image recognition or enhancement as 
well as instrumentation and filtering, thanks to in- 
dependently simultaneously operable arithmetic 
and logic unit and multiplier accumulator unit. 

A variety of commercially available, high speed 
signal processors currently exists. For example, 
U.S. Patent 4,794,517 describes a three-phased 
pipelined signal processor architecture. This ar- 
chitecture is capable of numerous high speed oper- 
ations and does have a separate arithmetic and 
logic unit (ALU) as well as a separate multiplying 
function. However, the multiplier in this prior patent 
does not have accumulator registers or dual data 
bus structure that would permit independent and 
simultaneously concurrent operation of the ALU 
and multiply accumulate functions performed by 
the multiplier accumulator (MACU). 

Similarly, VanWijk et al have described a digi- 
tal signal processor with parallel processing capa- 
bility in an article entitled "A Two Micrometer C 
Moss 8 MIPS Digital Processor with Parallel Pro- 
cessing Capability" appearing in the IEEE Journal 
of Solid State Circuits, Volume SC-21, Number 5, 
October 1986, page 750 et sic. 

This processor does exhibit separate MACU 
and ALU units but concurrent operation of the ALU 
and MACU with high rate of memory transfer func- 
tions is not possible because of the bus and regis- 
ter configuration employed. When two operands 
must be transferred from data memory to the ALU 
via the X and Y buses, the MACU is prevented 
from having any input either from memory or from 
the ALU because the data buses are occupied with 
the operand transfers to the ALU. A simple simulta- 
neously concurrent operation such as the adding of 
two operands by the ALU and multiplication of the 
result by a third operand in the MACU cannot be 
performed because no transfer paths are available 
to operate the MACU. Such a configuration re- 
quires an additional machine cycle to take the 
results from the ALU output registers, transfer them 
via data buses and place them in input registers of 
the MACU for the multiplication step. Such an 
architecture does operate the ALU or the MACU 
independently but they may not be operated si- 
multaneously or concurrently. This architecture 
thus achieves no performance gain from the sepa- 
ration of the two functions of the ALU and MACU. 



Another commercially available signal proces- 
sor having a separate ALU and MACU is the Ana- 
log Devices processor described in the Analog 
Devices Users Manual E971 -10-4/1 986. This ar- 

5 chitecture operates the ALU and MACU separately 
but not concurrently. This architecture does have 
an additional result bus for transfer of previous 
results between the ALU and the MACU without 
blocking the data buses. However, only the pre- 

w vious result from either the MACU or the ALU can 
be transferred across the result bus in this manner, 
and it provides only a single result operand to the 
other unit, but not two operands. When two 
operands are transferred to the ALU via data bus- 

15 es, the output of the ALU can provide one input to 
the MACU. The other operand must have been 
loaded in a MACU input register previously either 
from data buses or from the ALU. 

The limited utility that this configuration offers 

20 for simultaneous operation is probably the reason 
that the vendor provides no capability in the 
instructions for carrying out simultaneous oper- 
ations. The ALU and the MACU are operated sepa- 
rately and independently, but not concurrently, 

25 Thus no performance gain is achieved by the con- 
figuration. Even if a more general routing capability 
were provided between the ALU and the MACU for 
both of the foregoing vendor architectures, they 
would still not achieve the maximum possible 

30 throughput that separating the processing functions 
themselves can offer because both of these prior 
ALU and the MACU devices have separate input 
register files. In both of these architectures, there- 
fore, the processing units ALU and MACU do not 

35 have common access to the operands once they 
are transferred from data memory. To have com- 
mon access to the operands, the operand must be 
loaded in parallel into input registers in both the 
ALU and the MACU or an additional machine cycle 

40 must be taken to perform the transfers. 

In light of the foregoing known difficulties with 
the prior art signal processors and their architec- 
ture, it is an object of the present invention to 
provide an improved signal processor having in- 

45 dependency and simultaneously operable ALU and 
MACU units. 

The improved signal processor in the present 
invention permits simultaneous operation of the 
ALU and MACU by providing a register file that 

so serves as a general buffer or pool or operands. All 
operand transfers take place between separate 
data memories through two separate buses into the 
register file or out of the file into the memories. 
The ALU and MACU have equal access to all the 
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data in the file at any time. The file also serves as 
a buffer for any previous ALU resutts. it is not 
necessary to have the output of the MACU avail- 
able in the register file because the ALU performs 
operations for results on a single operation basis 
and the output from the MACU will be available for 
each operation of the ALU if required. In contrast, 
the MACU may take many operations to produce a 
meaningful result. The register file gives the capa- 
bility of providing operands for use independently 
by both the ALU and the MACU, without which 
operands would have to be reloaded as the com- 
putation continues, thereby causing a redundant 
transfer load that will reduce the throughput of 
computation. In order to avoid reloading of 
operands, operations in the ALU must be possible 
in the form of R = A as a function of B. In this 
form, a third operand the result R, is generated 
without destroying either of the input operands. 
This may be contrasted with the conventional oper- 
ations of the form A = A as a function of B in 
which one of the input operands, A, is replaced by 
a new result A. The significance of the improved 
instruction form is that it eliminates reloading an 
erased operand for use by a subsequent operation 
within a few cycles which would cause extra data 
bus conflicts and reduce the throughput. Indepen- 
dent and concurrent operation of the ALU and 
MACU require that instructions calling for the im- 
proved mode of operation must have separate con- 
trol fields for each unit as well as control fields for 
the register file input and outputs. 

The invention will be described with reference 
to a preferred embodiment which is further illus- 
trated in the following drawings in which : 

Figure 1 illustrates a high level schematic flow 
diagram of the main operational portions and 
their interconnection in constructing a signal 
processor having separate, independently and 
simultaneously operable ALU and MACU units. 
Figure 2 illustrates that portion of an improved 
signal processor in greater detail showing the 
interconnection of the ALU and MACU to the 
register file and the separate address generation 
and data memory paths as utilized in the pre- 
ferred embodiment. 

Figure 3A illustrates a typical instruction decode 
register format for a load and compute opera- 
tion. 

Figure 3B shows a typical instruction decode 
register format for a store and compute opera- 
tion. 

Figure 4 shows the chief operational elements of 
an improved signal processor incorporating the 
register file and independent ALU and MACU 
units together with the control interconnections 
from the instruction decode logic and main sys- 
tem clocking signals. 



Figure 5A illustrates schematically the timing of 
operation for the architecture of the instruction 
processor in the preferred embodiment in a non- 
pipeiined configuration, 
s Figure 5B illustrates schematically the clocking 
and sequencing for a three-phased pipelined 
mode of operation of the same architecture. 
Figure 6 illustrates input selection for the regis- 
ters in the register file together with the selec- 
w tion and decode logic. 

The present invention is directed to the ar- 
chitecture of separately and simultaneously oper- 
able ALU and MACU units together with a register 
file serving as a buffer pool for all data transfers to 
is and from memory and the operative ALU and 
MACU units. Therefore, the degree of detail for 
such elements as a sequencer for instruction ad- 
dresses for instruction fetching, the details of in- 
struction decode logic or address generation, etc, 
20 are not given herein as such details are readily 
available in the prior art and are well understood by 
those of skill in the art. 

Turning to Figure 1 , the overall schematic lay- 
out of the operative units constituting a signal pro- 
25 cessor having independently and simultaneously 
operable ALU and MACU is shown. 

The sequencer 1 steps the instruction memory 
2 through a list of preloaded instructions to provide 
them individually when required or "fetched" to the 
30 instruction decode logic 3. Incoming instructions 
are decoded and the results loaded into an instruc- 
tion decode register, IDR 4. Various output control 
lines exit from the IDR 4 to set the function of the 
ALU and the MACU and to control I/O access of 
as data and operands to and from the register file 9 
via the access control logic 8 and 12. IDR 4 con- 
trols the ALU 10 and MACU 11 as well as register 
file 9 and the access control 8 and 12, respectively. 
A selection control line pair goes to the address 
40 generation 5 which provides data address inputs on 
data address buses 23 and 24 into the data memo- 
ries 6 and 7, respectively. The data memories 6 
and 7 provide their output data on buses 19 and 20 
as shown on Figure 1 to the access control 8 to 
45 gain entrance to or exit from register file 9. The 
construction of all of these units in Figure 1 is a 
matter well known in the prior art and details of the 
construction of the elements themselves, with the 
exception of some of the details for the register 
so selection control means 8, 12, the IDR 4 and the 
address generation 5, is therefore not given. 

Turning to Figure 2, a more detailed repre- 
sentation of the major components of the group 
comprising the register file 9 and the separate ALU 
55 and MACU 10 and 22, respectively, together with 
the dual data memory and address bus structure 
as well as the dual address generation structure for 
the data memories are depicted with the input 
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control lines and clocking omitted for clarity, it may 
be observed that the data memories 6 and 7 are 
individually driven by their address generators 5A 
and 5B and provide independent outputs on the 
data buses 19 and 20 to the register file input 
control means for loading 8A or to the control 8B 
for reading from the register file. Additionally, out- 
puts from the register file may be selected as an 
operand via the output control 12 or the output of 
the ALU may be selected through another portion 
of the control 12 for input to the register file 9. 
Output control 8C controls the selection of either 
the output selection B or B'. Output b' can be the 
output of the multiplier 13 or of either of the multi- 
plier accumulator registers 15A and 15B as con- 
trolled by the output from the IDR 4 through the 
selector 8C which acts as the access control 
means for this portion of the operand selection. It 
may be seen that the output from the register file 9 
may be selected for input to the ALU 10 and that 
either another output from register file 9 or the 
result of the multiplier 13 or some addition or 
subtraction result which appears in the accumulator 
registers 15A or 15B may be selected as the 
operand B or b' for the other input to the ALU 10. 
The operand selection for B or B is via operand 
register file, access control 8C under the control of 
IDR 4 as will appear in greater detail later. 

It may be noted that the multiplier 13 provides 
an output to a 32-bit adder 1 4 whose input is also 
received from a 32-bit selector 16 under control of 
the IDR for recirculating the content of the accu- 
mulation register 15B for further mathematical op- 
erations in the adder 14, again under the control of 
the IDR. Separate multiplication and accumulation 
results may therefore be stored separately in the 
registers 15A and 15B depending upon selection 
signals from the IDR (not shown). 

Also the address generation logic for the two 
data memories 6 and 7 are separate and indepen- 
dent. The address generator 5B generates an ad- 
dress for data memory 7 and has separate in- 
crementation and displacement registers 18B and 
17B, respectively, which may be utilized in gen- 
erating the addresses for the data memory 7. A 
similar structure exists separately for the address 
generator 5A together with its separate displace- 
ment register 17A and incrementation register 18A. 
It provides addresses to the data memory 6. The 
independent data memories with their independent 
address generators provide independently their re- 
sults or output on the data buses 19 and 20, 
respectively. Thus, on any clock cycle, two 
operands from data memories 6 and 7 may be 
simultaneously presented to the register file 9 or 
two outputs from register file 9 may be selected for 
input to the data memory or recirculation back into 
the register file. At the same time two separate 



outputs X and Y may be selected for input to the 
MACU, two outputs may be selected for input to 
the ALU and an input from the ALU may be se- 
lected for simultaneous input to the register file. 
5 Figure 3A illustrates a typical instruction de- 

code register (IDR) 4 content for an eight-register 
file 9 for a load and compute operation. The as- 
signments of the control fields in the IDR 4 and the 
functions that may be selected are shown in Figure 
10 3A. It may be observed that the ALU control func- 
tion includes some functions of the form C = A 
function of B in which the result of the ALU output 
is stored in a new register C without destroying 
either of the original input operands A or B. 
15 The field for address selection and control can 

use either the incrementation register or the in- 
crementation register plus a fixed displacement 
that may be selected between two different values 
or two different incrementations depending upon 
20 the selection control code. 

The MACU control field contains eight possible 
specified operations of the form as shown. 

Figure 3B shows the typical instruction decode 
register content for an eight register file in a store 
25 and compute operation in which the output store 
selection controls are provided to the file register 
access selectors 8B shown in Figure 2. 

Figure 4 illustrates in somewhat greater detail 
the clocking and controls for operating the register 
so file access control elements (8A, 8B, 8C 12) under 
control of the IDR 4 and also shows the IDR 4 
controlling the address generators 5A and 5B, the 
ALU 10 and the MACU 11. The clock 21 provides 
its clocking signals simultaneously as shown to all 
35 of the operative units including the register file 9, 
the address generators 5A and 5B, the MACU unit 
11 and, though not shown, would also be supplied 
to set the accumulators 15A, 15B at the output of 
the MACU and to the instruction decode logic 3 
40 which sets its output in the IDR 4. 

The architectural layout of the elements as 
shown in Figures 1, 2 and 4 may be operated 
either in a pipelined or non-pipelined mode of 
operation. 

45 Figure 5A illustrates the sequencing with the 

regularly occurring pulses from clock 21 for opera- 
tion of the architecture in a non-pipelined operation 
including steps of "fetch an instruction " , "decode 
an instruction", "transfer any data" necessary for 

so executing the instruction and, finally, "computing or 
executing" the instruction. The timing of each op- 
eration is seen to be at the boundary which is the 
clock pulse ending a given clock period and begin- 
ning the next clock period. 

55 Figure 5B illustrates the timing and sequencing 

for a three-phase pipelined mode of operation in 
which the data transfer and computation actions 
are taken in the same clock cycle for an instruction 
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that has been decoded in the previous clock cycle 
and which was fetched on the clock cycle preced- 
ing that. 

Register input and output selectors for the file 
register access control can be made of standard 
Texas Instrument part number 54ALS151 utilizing 
16 eight-way selectors. Figure 6 illustrates sche- 
matically the set of controls for what will be as- 
sumed to be an 8 x 16 array of file registers. The 
individual control fields of the IDR 4 are decoded in 
the decoders 22 A-N to operate through the gating 
logic to control setting of registers 1-8 in the regis- 
ter file 9 as schematically shown. 

The described architecture and data flow in 
which the ALU and the MACU are separate and 
may be independently and simultaneously oper- 
ated in the same dock cycle permits multiplication 
and accumulation of sums to be done indepen- 
dently of any operations going on in the ALU and 
vice versa. By permitting independent control of 
the ALU during such operations, a factor of at least 
two increase in throughput may be realized over 
that provided by many commonly used signal pro- 
cessing algorithms and machines. The data flow 
has several advantages in terms of implementation. 
First the ALU and register file are located in a 
single precision portion of the data flow while inter- 
faced to the data buses is of the same word length. 
Only the adder and accumulator registers need to 
have double precision necessary for product accu- 
mulation and the output of the accumulators may 
be taken into the data flow as single precision 
operands (16 bit) instead of 32 bit double precision 
operands. The data flow architecture separates the 
less complex and high precision signal processing 
tasks such as product accumulation from the more 
complex control and microprocessor tasks per- 
formed by the ALU. The throughput gain for the 
data flow is achieved by operating the ALU in- 
dependently while forming the sum of products 
separately in the MACU unit. This independent 
operation results in increased throughput for gen- 
eral operations and most obviously of the type 
exemplified by Equation A: 
A(i) [ B<j) + C(k) ] 

When sums of the type shown in Equation A 
are computed, the intermediate sum or difference 
is formed by the ALU and the sum of products is 
formed by the adder accumulator in the MACU. 

Equations of the form A are useful in comput- 
ing output of filters having symmetrical impulse 
responses, which include the linear phase filters 
that have even symmetry and Hilbert filters that 
have odd symmetry. When computing filters of this 
type, the sum of equation in the form A produces 
an effective throughput of two filter taps per pro- 
cessor cycle. 

Adding a second data memory and data bus to 



the architecture does not give a meaningful in- 
crease in throughput unless the ALU and MACU 
functions are made separately operable simulta- 
neously. 

5 Equations of the type or form shown in Equa- 

tion A may use three operands per cycle to per- 
form computations and are transferred by sharing 
the data buses through the register file as depicted 
herein. Since the two data memories are physically 

70 separated the transfers of data among them and 
the operation units requires two address pointers 
per bus, care must be taken in organizing the data 
arrays in the two memories. Typically, coefficients 
can be placed in one memory and data samples in 

75 the other. However, in the typical example of auto- 
correlation, two samples must be accessed per 
clock cycle from the same data array. In this case, 
the data is written in both memories. The organiza- 
tion of data may also be determinedly whether 

20 the ALU overwrites one of its own operands when 
executing an operation. The organization of data in 
a memory is more easily done if the ALU can 
perform the operation C = A + B as opposed to A 
= A + B. The latter function may require a reload 

25 of one of the operands, thereby increasing the 
overall transfer load and decreasing the throughput. 
The capabilities of processors constructed accord- 
ing to this architectural design are numerous as 
pointed out in the beginning here under the head- 

30 ing "Field of the Invention" and permit operation of 
the ALU and MACU independently and simulta- 
neously to utilize the maximum transfer bandwidth 
of the dual data memory buses. 

Numerous changes in implementation without 

35 departing from the spirit and scope of utilizing dual 
data bus memory architecture with separately and 
simultaneously operated MACU and ALU units in a 
signal processor will easily be suggested, where- 
fore what is desired to be protected by letters 

40 patent and what is claimed is set forth by way of 
example and not by way of limitation. 



Claims 

45 

1. A signal processor having an arithmetic and 
logic unit ALU (10) and a multiplier accumulator 
unit MACU (11) which operate in a independent 
and simultaneous way, and comprising a system 

50 clock (21), a random access register file, register 
file access control means (8,12), two independently 
operable random access data memories (6.7), and 
two independently operable data buses (19,20) 
connected with said register file access control 

55 means and with said two random access data 
memories; said processor being characterized in 
that : 

Said register file (9) is connected to said data 
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buses, to said MACU (11), and to said ALU (10)- 
through said register file access means so that said 
data memories, said MACU and said ALU may 
simultaneously gain access to any register or regis- 
ters in said register file, and 
all data transfers between said data memories and 
said ALU and said MACU is made by loading the 
data to be transferred into said register file for 
access thereto by the intended recipient of said 
data. 

2. The processor as described in claim 1, further 
characterized in that said system clock (21) sup- 
plies a single clock signal simultaneously to all of 
the clocked elements in said processor. 

3. The processor as described in claim 1, further 
characterized in that at least two independent ac- 
cumula tor registers (15A, 15B) connected in par- 
allel at the output of said MACU (11) receive the 
output results from the operation of said MACU. 

4. The processor as described in claim 1, 2 or 3 
\\ further comprising two independent data memory 

addressing control means (5A t 5B) for generating 
two independent data memory addresses. 

5. The processor as described in claim 5, further 
characterized in that each of said data memory 

, addressing control means (5A, 5B) operates with at 
least two index registers (18A, 18B) and at least 
two displacement registers (17A, 17B). 

6. The processor as described in any one of claims 
1 to 5, further comprising an instruction memory 
(2) , an instruction memory address control 
sequencing means (1) connected to said instruction 
memory, and an instruction decode logic means (3) 
connected to said instruction memory to receive 
and decode instructions therefrom and further com- 
prising an instruction decode output register (IDR) 
(4) connected to said memory addressing control 
means, to said register file access control means, 
and to said ALU (10) and to said MACU (11) for 
controlling register selection of said register file (9) 
for input or output of data and for controlling the 
functions of said ALU and of said MACU, and 
wherein said IDR (4) has register segments for 
holding decoded instructions comprising at least 
two separate memory address control field seg- 
ments, two separate register file data input selec- 
tion control field segments, four separate register 
file output control field segments and at least one 
separate ALU function control field segment and at 
least one separate MACU control field segment 
and at least a separate functional control field seg- 
ment for selecting the non-destructive retention of 
ALU result operands, 

7. The processor as described in claim 6, wherein 
said IDR control field for said ALU specifies a 
selection of arithmetic controls of the form A = B 
as a function of C where the arithmetic function 
specified by function includes at least addition and 



subtraction. 

8. The processor as described in claim 7, wherein 
said IDR control field for said MACU specifies a 
selection of arithmetic controls of the form Accuml 
s = Accuml + a product P. 
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